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Abstract
The follow-up of γ-ray bursts (GRBs) by the X-ray telescope (XRT, 0.3-10 keV) on board the Neil
Gehrels Swift Observatory led to the discovery of a shallow decay phase (the so-called plateau) of the
X-ray emission in a good fraction of GRBs. This unexpected temporal behaviour does not fit the standard
GRB afterglow expectation. Thus, in the last years, many models emerged, that invoke energy injection
into the external shock, requiring long-lasting activity of the central engine of GRBs. We discuss a new
alternative, comprehensive model: the plateau phase originates from the high latitude emission (i.e., the
radiation observed from larger angles relative to the line of sight, after the prompt emission from a curved
surface is switched off) when the jet exhibits bulk motion and intensity structure. This model enables
us to reproduce not only the temporal behaviour of the X-ray light curves, but also the diversity of joint
optical-to-X-ray emission.
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Before the launch of the Neil Gehrels Swift Observa-
tory (Gehrels et al. (2004), hereafter, Swift) in 2004, the
observations of γ-ray burst (GRB) afterglows were per-
formed at relatively late times. The observed light curves
were consistent with a basic afterglow theory which sug-
gests a deceleration of the blast wave in the external
medium (Sari et al. 1998) and predicts a flux monotoni-
cally decaying with time (roughly ∼ t−1). However, the
X-Ray Telescope (XRT, 0.3-10 keV) on board of Swift
shed new light onto the afterglow physics. Quite often,
the soft X-ray afterglows show a plateau phase charac-
terized by a shallow (∼ t−0.5 or even flatter) temporal
decay segments lasting for thousands of seconds (e.g.,
Nousek et al. (2006)). This feature is inconsistent with
a simple afterglow scenario.
The interpretation of the X-ray plateau is debated and
usually requires an energy injection to the forward shock
(see Zhang et al. (2006) and references therein). The en-
ergy injection into the decelerating forward shock in the
circumburst medium for a relatively long time (∼ 104 s)
is quite challenging and most probably requires the pres-
ence of the long-lived, strongly magnetized and highly
spinning neutron star as a central engine of a GRB (see
Bernardini (2015) and references therein). However, the
possibility for these neutron stars to form and to provide
the required energetics for the GRB jets is quite uncer-
tain. Furthermore, the energy injection models invoked
to explain the X-ray plateaus fail to interpret commonly
observed chromatic behaviour of joint X-ray and optical
(Fan & Piran 2006): while the X-ray light curve shows
the flat segment, simultaneously observed optical flux is
consistent with the standard afterglow scenario.
Here we briefly discuss a recent model proposed in
Oganesyan et al. (2020) to explain the X-ray plateau
emission. The main idea of this model is based on the
out-core jet radiation during the prompt emission (or
soon after) when the GRB jet exhibits velocity and the
intensity structure. In the uniform jet case, once the
impulsive emission is switched off in the entire emitting
region, the observer receives gradually a radiation from
larger angles from the jet axis: later the radiation is re-
ceived, more de-beamed it is. The so-called high latitude
emission (Fenimore et al. 1996; Kumar & Panaitescu
2000) is widely used to explain the tails of the prompt
emission and the initial steep decay phases of the X-ray
afterglow (e.g. Liang et al. (2006)). In the structured
jet case, the regions outside of the jet core are slower.
On the one hand, these regions of the jet are located
at higher latitudes, on the second hand, they are less
beamed due to the slower bulk motion. This conditions
allow for a prolongation of the high latitude emission,
provided by the nearly constant Doppler factors.
To illustrate the main advantages of the out-core jet
emission model, we sketch the idealized chromatic X-
Fig. 1. Sketch of the chromatic optical and X-ray emissions explained
in the out-core jet model. For an on-axis observer, the emission
in the optical band is provided from the forward shock, while the
X-ray emission is dominated by the high latitude emission from
the jet core (initial steep decay) and from the out-core region
(plateau and post-plateau phases).
ray and optical light curves of GRB afterglows in Fig.1.
In the proposed model, the X-ray emission (blue solid
line) is dominated by the high latitude emission from the
jet core (the steep decay phase) followed by the plateau
and the post-plateau phases arising from the out-core
jet regions during (or slightly after) the prompt emis-
sion phase. The flux level of the out-core jet emission
in the optical bands is much lower than in the soft X-
rays since the prompt emission peaks at keV-MeV en-
ergy range. Therefore, the optical afterglow emission
(red dashed line) is dominated by the radiation from
the forward shock. In order to produce the long-lasting
plateaus (∼ 104 s) in the observer’s frame, one would
require to produce the radiation outside of the jet core
while its head size reaches ∼ 1015 − 1016 cm.
The proposed model in Oganesyan et al. (2020) is
based on the paradigm of the structured jets (e.g.,
Lipunov et al. (2001); Rossi et al. (2002)) which found
its wide acceptance after a year of monitoring the multi-
wavelength afterglow emission of GRB 170817A (see e.g.,
Ghirlanda et al. (2019)). The out-core jet emission dur-
ing the early phase of GRB is a new way to address the
X-ray plateau problem and the broad-band chromatic
behaviour of the afterglow emission. Interestingly, the
high latitude emission from the jet out-core region is
capable to produce two kinds of post-plateau regimes:
power-law and/or sharp decays. The latter one is an
alternative way out for the so-called internal plateaus
sometimes observed in the X-ray light curves (e.g., Troja
et al. (2007); Sarin et al. (2020)).
Given the viewing angle effects and the overlap of the
jet out-core emission with the radiation from external
shocks, the diverse and intensively observed X-ray af-
terglows open novel possibilities for the further explo-
rations of the jet structure. The confrontation of the
jet-structured based models (see also Beniamini et al.
(2020)) with the energy injection model for the X-ray
plateau emission is necessary to widen our expectations
from the future of the multi-messenger astronomy with
the wide field X-ray observatories (e.g., Amati et al.
(2018)) and the next generation gravitational wave de-
tectors (e.g., Maggiore et al. (2019)).
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